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Abstract 
Fusarium graminearum and F. verticillioides as well as the mycotoxins they produce, 
deoxynivalenol, among others, and fumonisins, respectively, are world-wide distributed.
These mycotoxins pose the main feed and food threat of maize cultivated in temperate 
areas, but plant breeding is emerging as an effective and environmentally safe method to
control Fusarium infection and reduce mycotoxin levels in susceptible crops. The 
objective of this study was to investigate the stability across well differentiated 
environments of genetics involved in maize resistance to these ear rots and mycotoxin 
contamination in genotypes of diverse origin and adapted to different environments. 
This knowledge will help to design the most appropriate breeding program to improve 
mycotoxin content for a wide range of environments. Although maize genetics involved
in resistance to ear rot and mycotoxin contamination greatly depended on the 
environment, additive and dominance effects were the predominant genetic effects in 
most environments.  The stability across environments of maize genetics involved in 
resistance to ear rot by F. graminearum and F. verticillioides and deoxynivalenol and 
fumonisin contaminations was low, but recommended target areas of breeding programs
are different for each fungal species based on the different nature of genetic effect x 
environment interactions for each Fusarium species. In general, the classifications of 
inbreds and hybrids according to their resistance levels were similar across 
environments suggesting that the same sources of resistance could be suitable in 
different environments and breeding for resistance to determined Fusarium species 
would affect resistance to other species.
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1. Introduction
F. graminearum Schwabe and F. verticillioides (Saccardo) Nirenberg are the most 
common fungal pathogens associated with maize in temperate regions. These fungi 
cause ear rots known as Gibberella and Fusarium ear rot (GER and FER), respectively, 
and contaminate maize kernels with mycotoxins . Deoxynivalenol (DON) is the most 
important mycotoxin produced by F. graminearum; DON causes vomiting and diarrhea,
immunosuppression, and is responsible for the feed refusal syndrome of livestock 
(Pestka, 2007). F. verticillioides produce fumonisins (FBs) which cause 
leukoencephalomalacia in horses, pulmonary edema in pigs, reduced growth in poultry 
and hepatic and immune disorders in cattle (Voss et al., 2007); the International Agency
for Research on Cancer has classified the fumonisins toxin as probably carcinogenic 
(IARC, 2002) . Therefore, legislation to limit the amount of these mycotoxins has been 
implemented in many parts of the world. 
Distribution and occurrence of GER and FER are related to geographical and climatic 
conditions: in general, wetter and cooler conditions are more favorable for GER while 
drier and warmer conditions favor FER occurrence. In Ontario, Canada, maize kernels 
are frequently contaminated with both F. graminearum and F. verticillioides, and 
consequently with DON and FBs (Hooker & Schaafsma, 2005). However, in 
northwestern Spain, F. verticillioides is the most prevalent fungus (Aguín et al., 2013), 
but appreciable levels of deoxynivalenol (DON) can also be present due to F. 
graminearum (Butron et al., 2006).
Kernel detoxification and the application of cultural practices to reduce mycotoxin 
levels are not always feasible; however, plant breeding is emerging as an effective and 
environmentally safe method to control Fusarium infection and reduce mycotoxin levels
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in susceptible crops ( Eller et al., 2008). The success of maize improvement for 
achieving higher resistance to kernel mycotoxin contamination is highly possible 
considering the moderate to high heritabilities for DON and FBs contents (Löffler et al.,
2011, Robertson et al., 2006); however, direct selection for mycotoxin contamination is 
expensive and time consuming (Eller et al., 2010). A cheaper and less time consuming 
selection criteria for performing indirect selection could be resistance to ear rot because 
high genotypic correlations between GER and FER and DON and FBs contents, 
respectively, have been reported (Löffler et al., 2011, Eller et al., 2010, Martin et al., 
2011b); although heritability for ear rot could be lower than that for mycotoxin content 
(Robertson et al., 2006).
Genetic architecture of resistance to ear rot by F. graminearum and F. verticillioides 
and DON and FBs contamination appear complex with many QTLs of small effects 
controlling each trait; some of them with possible pleiotropic effects on both resistance 
traits, ear rot resistance and mycotoxin accumulation, and some QTLs for GER and 
FER clustered (Martin et al., 2011a, Martin et al., 2011b, Xiang et al., 2010, Pérez-Brito
et al., 2001, Ding et al., 2008, Ali et al., 2005). Although additive effects have been 
reported as the most important for the inheritance of resistance to GER and DON 
accumulation, dominance as well as epistatic effects could play an important role in the 
inheritance of these traits (Reid et al., 2009, Chungu et al., 1996, Löffler et al., 2011, 
Martin et al., 2011a, Martin et al., 2012, Reid et al., 1994). Similar results were reported
for the genetics of resistance to FER and FBs accumulation (Williams & Windham, 
2009, Clements et al., 2004, Robertson-Hoyt et al., 2006, Hung & Holland, 2012, Reid 
et al., 2009, Pérez-Brito et al., 2001, Nankam & Pataky, 1996). 
Genotypic stability of resistance to ear rot and mycotoxin contaminations across 
different environments has been reported even when genotype evaluations were done in 
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a wide range of environments (Robertson et al., 2006, Hung & Holland, 2012, Presello 
et al., 2006); Robertson et al. (Robertson et al., 2006) attributed the G x E significant 
effects to heterogeneity of genotypic variance, rather than to the lack of correlation of 
genotype performance at different environments. However, QTL studies have shown the
low stability of specific QTLs with significant additive effects (Ali et al., 2005, Ding et 
al., 2008, Robertson-Hoyt et al., 2006), and Chungu et al. (Chungu et al., 1996) also 
observed, in generations derived from a single cross between resistant and susceptible 
inbreds, that the dominance component for GER showed a significant interaction with 
the environment. Therefore, the objective of the current study was to investigate the 
stability across well differentiated environments (Canada and Spain) of genetics of 
maize resistance to ear rot by F. graminearum and F. verticillioides and to DON and 
FBs contaminations in generations derived from crosses between resistant and 
susceptible maize inbreds with diverse origin and adapted to different environments. 
This knowledge will help to design the most appropriate breeding program to improve 
mycotoxin content for a wide range of environments.
6
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
2. Material and Methods
2.1. Field trials and inoculations
Two maize (Zea mays L.) inbred crosses, CO359 x CO441 and EP42 x EP77, were 
chosen to perform generation mean analyses. CO359 and CO441 have been released by 
the Eastern Cereal and Oilseed Research Centre (ECORC) of Agriculture and Agri-
Food Canada (AAFC) and are adapted to Ottawa climatic conditions (approximately 
435 mm of rainfall and a daily mean temperature of 23.2 ºC during the growing 
season) ; CO359 showed susceptibility to GER caused by F. graminearum, and FER 
caused by F. verticilliodes; while CO441 was exhibited resistance to both (Reid et al., 
2009). EP42 and EP77 were developed at the Misión Biológia de Galicia (CSIC) in 
Spain and are adapted to Atlantic conditions of South Europe (approximately 580 mm 
of rainfall and a daily mean temperature of 18.5 ºC during the growing season); in a 
previous study, EP77 and EP42 clearly differed for FER incidence and FBs kernel 
content under kernel inoculation with F. verticillioides (Santiago et al., 2013); EP77 
was among the sixty-three most resistant inbreds out of 240 inbreds evaluated. Although
the growing season in Canada is warmer than in Pontevedra, materials showed good 
adaptation to both environments as differences for days to silking among the parental 
inbred lines were as much as 10 days (EP42 was the earliest inbred, CO359 shed silks 
four days later, EP77 five days later and CO441 10 days later).For each fungal species, 
seeds of the two inbred parents (P1 and P2), the F1 hybrid P1  P2, the F2 generation, and 
the backcrosses of F1 to P1 and P2 (BC1 and BC2, respectively) were evaluated in a split-
plot design with three replications at Ottawa (45o22'N, 75o43'W, and 166 m above sea 
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level, Canada) and Pontevedra (42º 25’ N, 8º 38’ W and 20 m above sea level, Spain) in
2011 and 2012 under kernel inoculation. The two trials inoculated with different 
Fusarium species and evaluated in each location-year combination were adjacent. All 
generations derived from a cross (CO359 x CO441 and EP42 x EP77) were assigned to 
a main plot and individual generations (P1, P2, F1, F2, BC1 and BC2) to subplots. P1, P2, 
and F1 subplots consisted of three rows with 15 plants per row, BC1 and BC2 plots 
consisted of four rows, and F2 plots of five rows. In each subplot, between seven and 14 
days after silking, all primary ears in central rows (one row for P1, P2, and F1; two rows 
for BC1 and BC2 and three rows for F2) were inoculated with 2 ml of a spore suspension 
of toxigenic isolates of F. graminearum or F. verticillioides, depending on the trial. The 
isolates of F. graminearum and F. verticillioides used in Canada were different from 
those used in Spain. Dr Reid, in Canada, used the same isolates of F. graminearum and 
F. verticillioides that she has been using for years; their virulence and ability to produce 
mycotoxins being known. These isolates are stored in the Culture Collection of the Plant
Research Institute, Department of Agriculture (Mycology), Ottawa, Canada (DAOM).  
They used a mix of two isolates for inoculations with Fusarium graminearum (DAOM 
numbers 180378 and 194276) and a single isolate for inoculations with Fusarium 
verticillioides (DAOM number 195167).Pure isolates were used in Spain; the isolate of 
F. verticillioides, collected in Pontevedra, Spain, has named MBG-1 and deposited in 
the culture collection of the Misión Biológica de Galicia, Pontevedra, Spain; the strain 
of F. graminearum  was provided by Dr. Ramos from the department of Tecnologia 
d’Aliments de la Universitat of Lleida, Spain, and has been deposited in the culture 
collection of the Misión Biológica de Galicia with the name MBG-2. 
. The spore suspension contained 2.5 x 105 spores / ml for F. graminearum and 106 
spores / ml for F. verticillioides and was injected into the center of the ear using a four-
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needle vaccinator which perforated the husks and injured three to four kernels.  Kernel 
inoculation was used because resistance to kernel inoculation is considered more stable 
than resistance to silk channel inoculation. Ten inoculated ears from P1, P2, and F1 
subplots, 20 from BC1 and BC2 subplots and 30 from F2 subplots were collected two 
months after inoculation and were individually rated for GER and FER using a seven-
point scale (1= no symptoms; 2 =1-3 %,  , 3 = 4-10 %, 4 = 11-25 %, 5 = 26-50 % , 6 = 
51-75 % and 7 = 76-100 % of kernels exhibiting symptoms of infection) devised by 
Reid and Zhu (Reid & Zhu, 2005). Ears were immediately dried at 35 ºC for one week 
and then shelled; a representative kernel subsample of approximately 200 g was 
obtained from each sample of 10 ears (one sample for P1, P2, and F1 subplots, two 
samples for BC1 and BC2 subplots and three samples for F2 subplots), was ground and 
the resulting flour sample was maintained at 4 ºC until chemical analyses were 
performed. Kernels were ground through a 0.75 mm screen in a Pulverisette 14 rotor 
mill (Fritsch GmbH, Oberstein, Germany).
2.2. Mycotoxins determinations
For DON analysis, a 500 mg sample was taken from the thoroughly mixed ground 
sample and extracted with 5 ml methanol:water (1:9 vol/vol) in a 10 ml plastic tube, 
which was subjected to end-over-end mixing for 1 hour and then centrifuged at 2,000 
rpm. DON analysis was performed on the filtrate by the competitive direct enzyme-
linked immunosorbent assay procedure (ELISA) as described by Sinha et al. (Sinha et 
al., 1995), which has high affinity for DON and 15-ADON. For higher level infection 
due to inoculation, repetitive dilutions are performed to ensure accuracy. Results are 
reported in ppm and the limit of quantitation is 0.1 ppm.
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FBs determinations for each 10-ear sample was performed on 10 g of maize flour taken 
from a representative dried ground kernel subsample of 200 g. Fumonisin extraction 
was made by using as solvent 50 ml of distilled water: methanol: acetonitrile (50:25:25) 
and 1 g of sodium chloride. The mixture was agitated for 20 minutes in a magnetic 
stirrer and filtered through a sieve of filter paper. Ten milliliters of the filtered solution 
were suspended on 40 ml of PBS (8.0 g sodium chloride, 1.2 g disodium hydrogen 
phosphate, 0.2 g potassium dihydrogen phosphate, and 0.2 g potassium chloride in 1 L 
of distilled water, adjusted to pH 7.4 with hydrochloric acid). The resulting 50 ml were 
passed through an immunoaffinity column (Fumoniprep, R-Biopharm Rhône Ltd, UK) 
and FBs were recovered using 1.5 ml of methanol and 1.5 ml ultrapure water (MilliQ 
water system, Millipore Corporation, Billeca, MA, USA). FBs quantification was 
performed in a Waters HPLC-system (Waters 2695, separations module, Waters 
Corporation, Milford, USA) equipped with fluorescence detector (Waters Multi λ 
Fluorescence Detector 2475, excitation λ at 335 nm and emission λ at 440 nm) and a 
C18 column (Waters Spherisorb ODS2, 150 mm x 4.6 mm, 5 µm) connected to a 
precolumn. One hundred µl were injected into the HPLC system after derivatization of 
FBs with o-phthaldialdehyde, at 30 ºC and a flow rate of 1 ml/min. The mobile phase 
was methanol: 0.1 M sodium dihydrogen phosphate (77:23). Quantification was 
performed using external calibration with FB1 and FB2 standard solutions (Sigma, St. 
Louis, MO, USA. Results were converted into µg/g of dry maize flour. Detection limits 
for FB1 and FB2 were 0.010 µg/g and 0.019 µg/g, respectively. Fumonisin extraction and
quantification was carried out at the Escuela Técnica Superior de Ingeniería Agraria, 
Universidad de Lleida, Spain.
2.3. Statistical analyses
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Combined analyses of variance over years and locations of the generations derived from
each cross and inoculated with a particular Fusarium species were independently 
computed. Generations were considered fixed effects. Mean comparisons were made 
with least square means. Simple correlation coefficients between ear rot and mycotoxin 
contamination and between FER and GER were computed. Statistical analyses were 
made with SAS (SAS, 2008).
The generation means were used to perform joint scaling tests (Mather & Jinks, 
1982). The joint scaling test estimates the mean of two lines (m), the additive pooled 
gene effects (a), the dominant pooled gene effects (d), and the environmental effects (e),
from the six-generation means by the method of weighted least squares, assuming a 
strictly additive-dominance model. The goodness-of-fit of each model was tested by a 
weighted 2 comparing observed and expected generation means. The weights were the 
reciprocal of the respective squared variances of generation means. If the 2 for testing 
such model is not significant, a model consisting of m, d, h, and e is satisfactory. If 2 is 
significant, alternative new models including non-allelic (i) and/or genotype × 
environment interactions are considered. Next steps are addressed according to Mather 
and Jinks (Mather & Jinks, 1982) to fit the best model and to obtain estimates of 
parameters considered in that model.
3. Results
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The analyses of variance showed significant (p < 0.05) differences among generations 
derived from both crosses for ear rot under inoculations with  F. graminearum and F. 
verticillioides although the  generation x environment interaction was always significant
for ear rot, except for the generations derived from CO359 x CO441 under inoculation 
with F. verticillioides (Data not shown). Differences among generations for DON 
content were only significant for those derived from the cross EP42 x EP77, but the 
generation x environment interaction was significant for both crosses. For FBs content, 
differences among generations were always significant, and the generation x 
environment interaction was only significant for the generations derived from EP42 x 
EP77. 
The correlation coefficient between FER and GER was moderate and highly significant 
(r = 0.71; p = 0.009). Correlations between ear rot and mycotoxin contamination were 
high and significant (between FER and FBs = 0.97 with p < 0.0001 and between GER 
and DON =0.86 with p < 0.0004).
Values for GER were, in general, lower in Spain, especially in 2012, than in 
Canada (Table 1).  P1 (EP42 or CO359 depending on the cross), and BC1 
[(EP42xEP777) x EP42 or (CO359xCO441) x CO359], showed a value for GER 
significantly higher than the P2 (EP77 or CO441) and BC2 [(EP42xEP777) x EP77 or 
(CO359xCO441) x CO441], respectively (Table 1). In addition, differences between the
mid-parent and the F1 for GER were, in general, significant but those differences could 
be positive or negative depending on the cross and environment. The difference 
between the mid-parent and the F1 for GER was exceptionally high in Spain in 2011, 
but it was positive or negative depending on the cross. 
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The incidence of FER was significantly higher in Canada (Table 1), but 
differences between parents (P1 – P2), backcrosses (BC1 – BC2) and between the mid-
parent and the F1 (mid-parent- F1) were, in general, positive and significant. These 
differences were exceptionally high between generations derived from the cross EP42 x 
EP77.
Generation means for FBs content were lower in 2011 than in 2012, although 
EP42 in Canada in 2011 showed a relatively high value (Table 1).  The fumonisin 
accumulation in the more resistant inbreds (CO441 and EP77) was comparable, but 
EP42 accumulated a higher amount of FBs than CO359.  Differences between parents 
(P1 – P2), backcrosses (BC1 – BC2) and between the F1 and the mid-parent (mid-parent- 
F1) were, in general, positive and significant; these differences could be exceptionally 
high at some environments between generations derived from EP42 x EP77.
In general, generation means for DON content were lower in Spain than in 
Canada (Table 1).  Most values for DON content in Spain in 2012 did not differ from 
zero, while values for P1 and BC1 in Canada in 2012 and (EP42 x EP77) x EP42 in 
Spain in 2011were exceptionally high (Table 1). The rate of DON accumulation was 
similar in both resistant inbred parents (EP77 and CO441In general, differences 
between parents (P1 – P2) and backcrosses (BC1 – BC2) were significant and positive, 
but differences between the F1 and the mid-parent (mid-parent- F1) could be significant 
and positive (in Canada, except for the hybrid EP42 x EP77 in 2011), significant and 
negative (for the hybrid EP42 x EP77 in Spain in 2011) or non-significant.
Generation means for GER at different environments did not fit an additive-
dominance-epistasis model because of large genetic effect x environment interactions 
for both crosses,(data not shown); however, data for GER in Canada in both years fitted 
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an additive-dominance model for both crosses (Table 2).  Additive-dominance models 
were also sufficient to fit yearly data for GER in Spain, except in 2011 for the cross 
EP42 x EP77. In all models for GER, additive effects were significant and positive; but 
dominance effects were significant and positive for the cross CO359 x CO441 in Spain 
in 2011 and EP42 x EP77 in Canada, significant and negative for the cross CO359 x 
CO441 in Spain in 2012 and for the cross EP42 x EPP77 in Spain, and not significant 
for the cross CO359 x CO441 in Canada. 
For the cross CO359 x CO441, generation means for FER in different 
environments fitted an additive-dominance model (Table 2). Genetics involved in the 
cross EP42 x EP77 were more complex; two different models were necessary, one 
additive- dominance model for FER data in Canada and one additive-dominance-
epistasis model  for Spanish data. Additive effects were always significant and positive 
for FER and dominance effects were significant and negative.
For DON content, different genetic models were necessary to fit generation 
mean data at each environment. For the cross CO359 x CO441, data from Canada in 
each year fitted an additive-dominance model, but epistatic effects were significant in 
Spain in both years.  Additive effects for DON content were significant in Canada and 
Spain in 2011; while dominance effects were significant and positive in Spain, 
significant and negative in Canada in 2012 and not significant in Canada in 2011. For 
the cross EP42 x EP77, an additive-dominance model was sufficient to fit data for DON
content at each environment, except for data from Spain in 2011 where epistatic effects 
were the only significant genetic effects (Table 2). Additive effects were significant and 
positive in Canada and Spain in 2012, while dominance effects were significant only in 
Canada in 2012.
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Generations mean data for FBs content at different environments did not fit a 
genetic model in which genetic effects x environment are not relevant (data not shown). 
For the cross EP42 x EP77, an additive-dominance model was sufficient to fit data for 
FBs content at each environment, except for generation means in Canada in 2011; 
additive effects  were, in general, positive and significant and most dominance effects 
were significant and negative (Table 2). For the cross CO359 x CO441, an additive-
dominance model explained data for FBs content in each year; additive effects were 
positive and significant and significant dominance effects were negative.
4. Discussion
At each environment, large and significant differences between both parental inbreds 
were observed for ear rot and mycotoxin content, except for DON content at Spain in 
2012, confirming that inbreds EP42 and CO359 are susceptible to ear rot by both 
Fusarium species and to subsequent contaminations with DON and FBs; while EP77 
and CO441 are much more resistant (Reid et al., 2009, Santiago et al., 2013).  In 
general, the classifications of inbreds and hybrids according to their resistance levels 
were similar across environments suggesting that the same sources of resistance could 
be suitable in different environments.  In addition, the moderate to high correlation 
coefficients among generations within each cross indicated that indirect selection for 
reducing ear rot that is simpler and cheaper would render materials more resistant to 
mycotoxin contamination and selection for ear rot by a specific Fusarium species could 
also have a significant effect on ear rot by the other Fusarium species.   
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The crosses EP42 x EP77 and CO359 x CO441 seemed suitable to determine 
genetic effects involved in maize resistance to ear rot and mycotoxin contamination, 
especially the cross EP42 x EP77 because differences between EP42 and EP77 were, in 
general, higher than differences between CO359 and CO441. However, climatic 
conditions in some environments could not be conducive for GER and DON 
contamination, even under artificial inoculations, because values for GER at the Spanish
location in 2012 were exceptionally low and the level of contamination with DON for 
most generations did not differ from zero. The presence of F. graminearum on maize 
kernels from northwestern Spain is erratic, possibly, because the early establishment of 
F. subglutinans and/or a possible competition with F. verticillioides limits the presence 
of F. graminearum (Marin et al., 2004, Aguín et al., 2014, Butron et al., 2006, Cooney 
et al., 2001, Reid et al., 1999). We hypothesize that under certain environmental 
conditions, such as those experienced at the Spanish location in 2012, natural infection 
by other fungal species, such as F. verticillioides which is the prevalent species, could 
reduce the impact of artificial inoculations with F. graminearum. However, differences 
for infection by F. graminearum in Spain between both years could also be consequence
of changes in inoculum aggressiveness. On the other hand, although environmental 
conditions at the Canadian location seemed more favorable for the development of FER 
than conditions at the Spanish location, all environments seemed suitable for performing
evaluations under inoculation with F. verticillioides because large differences among 
generations were detected for FER and FBs content in all environments and FBs levels 
in the Spanish and Canadian locations were comparable. 
In general, the model including only genetic (additive, dominance and epistasis) 
and environmental (location and year) effects was not sufficient to fit generation mean 
data at different environments because genetic effects x environment interactions were 
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highly significant for ear rot and mycotoxin content agreeing with previous 
investigations (Ali et al., 2005, Chungu et al., 1996, Ding et al., 2008, Pérez-Brito et al.,
2001). However, an additive-dominance model adequately fitted the data for GER in 
Canada, suggesting that environmental conditions or inoculum differences at the 
Spanish location were responsible for the genetic effect x environment interactions 
detected for GER. Genetic x environment effects were even more important for DON 
content; genetic effects greatly differed between years for the Spanish location; while 
the genetic model for generation mean data at Canada in 2011 was similar to the model 
for data at Canada in 2012, except for dominance effects which were only significant in 
2012.  Therefore, the Spanish trials  were again responsible for most genetic x 
environment effects found significant for DON content. Therefore, breeding for GER 
and DON contamination should be independently done for each geographic area. In 
northern Spain, evaluations in segregating populations for infection by F. graminearum 
should be done in two or more years to really ascertain the best genotypes; while, in 
western Canada, selection could rely on evaluations in a single year.
Genetic effect x environment interaction was significant for FER for the cross 
EP42 x EP77and fumonisin content for both crosses, but adequate genetic models for 
each environment were, in general, similar; positive additive and negative dominance 
effects being the only significant effects.  These results agree with findings by 
Robertson et al. (Robertson et al., 2006) who attributed the G x E significant effects for 
FER and FBs content to heterogeneity of genotypic variance, rather than to the lack of 
correlation of genotype performance at different environments. Therefore, selection for 
reducing the incidence of F. verticillioides infection in both regions could be performed 
using single-environment evaluations in Canada or Spain.
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Additive-dominance models were sufficient to fit generation mean data for GER at each
environment, except for the Spanish location in 2012. For this environment, the 
goodness of fit of the additive-dominance-epistasis model could not be tested, but 
additive, dominance and epistasis (additive-additive, additive-dominance and 
dominance-dominance) effects were significant. The comparison between parameters 
[a] and [d] gives an estimate of relative contribution of additive and dominance effects. 
For GER, dominance effects could be as important as additive effects at the Spanish 
location, but less important than additive effects or not relevant, depending on the cross,
at the Canadian location. In addition, dominance effects were consistent from year to 
year in Canada but not in Spain. Results for the Canadian location were similar to those 
reported for other areas where GER caused by F. graminearum could be epidemic 
(Gendloff et al., 1986, Martin et al., 2012, Chungu et al., 1996). However, dominance 
and epistasis effects and their interactions with years could have an exceptional role in 
maize resistance to GER in areas with low natural presence of F. graminearum. The 
additive-dominance model exhibited a non-significant lack of fit for DON content in 
Canada in each year; dominance effects being always toward higher resistance and, 
under certain conditions, as important as additive effects. These data were in accordance
with those previously published by Martin et al. (Martin et al., 2012).  Similar to GER, 
maize genetics of resistance to DON accumulation at the Spanish location were more 
complex. Maize genetics involved in resistance to FER and FBs accumulation greatly 
depended on the environment, but additive and dominance effects were the predominant
genetic effects in most environments. Additive and dominance effects were equally 
important for FER; but dominance effects could become more important than additive 
effects for FBs contamination under some conditions. Pérez-Brito (2001) stated that 
additive and dominance effects were significant for QTLs detected for FER in a 
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biparental population; the additive values being superior in absolute values to those of 
the dominance component for most QTLs. In addition, additive-dominance and 
dominance-dominance epistasis effects could be important for FER and FBs content for 
the EP42 x EP77 cross. Other authors had previously shown the higher complexity of 
maize genetics involved in resistance to FER compared to those involved in GER 
(Nankam & Pataky, 1996, Boling & Grogan, 1965). These differences could be the 
consequence of the different aggressiveness of both fungi.
As conclusions, the stability across environments of maize genetics involved in 
resistance to ear rot by F. graminearum and F. verticillioides and DON and FBs 
contaminations was low agreeing with results from QTL approaches that showed the 
low stability of specific QTLs (Ali et al., 2005, Ding et al., 2008, Robertson-Hoyt et al., 
2006): The genetic effect x environment interactions for FER and FBs contamination 
could be attributed to differences of magnitude of the main genetic effects (additive and 
dominance) among environments; while the correlation of generation performance at 
different environments was lower for GER and DON content. Therefore, breeding for 
FER and FBs contamination could be implemented to obtain materials suitable for both 
geographic areas, but breeding for GER and DON contamination should be 
independently done for each geographic area. Selection in northern Spain for reducing 
the incidence of F. graminearum infection should rely on multi-year evaluations, while 
a single-year evaluation will be enough for selection in western Canada. Additive as 
well as dominance effects should be taken into account in any breeding program 
intended to increase ear rot resistance and reduce mycotoxin accumulation.
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Table 1. Generation means ± standard deviation for Gibberella and Fusarium ear rots (GER1 and FER1), deoxynivalenol, and fumonisin kernel 
contents (µg/g) at Canada and Spain in 2011 and 2012.
Cross Locatio
n
Yea
r
P1 P2 F1 F2 BC1 BC2 Mid-parent
GER
CO359xCO441 Canada 201
1
6.87 ± 0.28 3.6 ± 0.28 5 ± 0.28 5.92 ± 0.28 6.22 ± 0.28 4.52 ± 0.28 5.24 ± 0.20 
Canada 201
2
6.71 ± 0.15 4.19 ± 0.15 5.07 ± 0.15 5.38 ± 0.09 6.38 ± 0.11 4.61 ± 0.11 5.45 ± 0.11
Spain 201
1
5.17 ± 0.3 2.7 ± 0.30 5.43 ± 0.3 4.62 ± 0.17 5.86 ± 0.21 3.85 ± 0.21 3.94 ± 0.21
Spain 201
2
2.65 ± 0.15 1.9 ± 0.15 1.87 ± 0.15 2.09 ± 0.08 2.28 ± 0.1 1.97 ± 0.10 2.28 ± 0.11
EP42xEP77 Canada 201
1
6.6 ± 0.41 5.17 ± 0.41 6.6 ± 0.41 5.98 ± 0.41 6.89 ± 0.41 5.82 ± 0.41 5.89 ± 0.29
Canada 201
2
7 ± 0.19 4.4 ± 0.19 6.46 ± 0.19 6.15 ± 0.11 6.61 ± 0.13 5.83 ± 0.13 5.70 ± 0.13
Spain 201
1
5.77 ± 0.27 2.26 ± 0.27 6.27 ± 0.27 6.41 ± 0.15 6.81 ± 0.19 2.57 ± 0.19 4.02 ± 0.19
25
538
539
Spain 201
2
3.97 ± 0.26 1.47 ± 0.26 1.87 ± 0.26 2.36 ± 0.15 3.35 ± 0.19 1.72 ± 0.19 2.72 ± 0.18
FER
CO359xCO441 Canada 201
1
4.43 ± 0.15 2.5 ± 0.15 2.53 ± 0.15 2.83 ± 0.11 2.91 ± 0.11 2.88 ± 0.11 3.47 ± 0.11
Canada 201
2
4.26 ± 0.16 2.54 ± 0.16 2.81 ± 0.16 3.09 ± 0.09 3.51 ± 0.11 2.91 ± 0.11 3.40 ± 0.11
Spaijn 201
1
3.27 ± 0.15 1.5 0± 0.15 2.13 ± 0.15 1.97 ± 0.09 2.31 ± 0.11 1.73 ± 0.11 2.39 ± 0.11
Spain 201
2
3.61 ± 0.25 1.89 ± 0.25 1.83 ± 0.25 2.14 ± 0.15 2.67 ± 0.18 1.87 ± 0.18 2.75 ± 0.18
EP42xEP77 Canada 201
1
5.53 ± 0.49 2.38 ± 0.49 2.48 ± 0.62 2.76 ± 0.35 3.49 ± 0.35 3.65 ± 0.35 3.96 ± 0.35
Canada 201
2
5.09 ± 0.15 2.83 ± 0.15 3.03 ± 0.15 3.32 ± 0.09 4.45 ± 0.11 3.38 ± 0.11 3.96 ± 0.11
Spain 201
1
3.93 ± 0.21 1.61 ± 0.21 1.83 ± 0.21 2.19 ± 0.12 2.62 ± 0.15 1.8 ± 0.15 2.77 ± 0.15
Spain 201
2
4.67 ± 0.11 1.24 ± 0.11 1.83 ± 0.11 2.01 ± 0.06 2.65 ± 0.08 1.53 ± 0.08 2.96 ± 0.08
Deoxynivalenol
CO359xCO441 Canada 201 405.1 ± 63.3 59.9 ± 63.3 140.4 ± 63.3 275.8 ± 63.3 152.9 ± 76.8 ± 63.3 232.5 ± 44.8
26
1 63.3
Canada 201
2
788.6 ± 72 170.9 ± 72 193.7 ± 72.0 252.8 ± 41.6 472.2 ±
50.9
183.7 ±
50.9
479.8 ± 50.9
Spain 201
1
106.1 ± 21.7 17.4 ± 21.7 59.2 ± 27.1 97.3 ± 12.6 200.5 ±
15.4
58.8 ± 15.4 61.8 ± 15.3
Spain 201
2
1.4 ± 2.9 1.5 ± 2.9 4.4 ± 2.9 1.1 ± 1.7 9.4 ± 2.1 1.7 ± 2.1 1.5 ± 2.1
EP42xEP77 Canada 201
1
703.9 ± 249.8 161.5 ±
249.8
325.7 ±
249.8
634 ± 249.8 622.7 ±
249.8
110.6 ±
249.8
432.7 ±
176.6
Canada 201
2
1588.6 ±
192.3
114.7 ±
192.3
339.5 ±
192.3
503.3 ± 111.0 836.7 ±
136.0
265.9 ±
136.0
851.7 ±
136.0
Spain 201
1
309.8 ± 161.1 21.2 ± 161.1 392 ± 161.1 648.4 ± 93 1088.6 ±
113.9
128.1 ±
113.9
165.5 ±
113.9
Spain 201
2
19.5 ± 12.5 1.4 ± 12.5 8.9 ± 12.5 14.3 ± 7.2 35 ± 8.9 1.7 ± 8.9 10.5 ± 8.8
Fumonisins
CO359xCO441 Canada 201
1
43.6 ± 12.8 21.7 ± 12.8 2.70 ±12.8 24.2 ± 9 28.3 ± 9 9.9 ± 9 32.7 ± 9.1
Canada 201
2
112.4 ± 15.0 21.6 ± 15.0 33.7 ± 15.0 51.1 ± 8.6 85.3 ± 10.6 65.9 ± 10.6 67.0 ± 10.6
Spain 201 56.6 ± 7.3 12.5 ± 7.3 5.6 ± 7.3 15.0 ± 4.2 12.4 ± 5.2 14.6 ± 5.2 34.6 ± 5.2
27
1
Spain 201
2
142.0 ± 33.7 4.2 ± 33.7 6.6 ± 33.7 45.2 ± 19.4 96.7 ± 23.8 14.3 ± 23.8 73.1 ± 23.8
EP42xEP77 Canada 201
1
189.8 ± 5.3 2.1 ± 5.3 5.6 ± 6.6 9.5 ± 3.7 22.3 ± 3.7 8 ± 3.7 96.0 ± 3.7
Canada 201
2
269.8 ± 23.2 23 ± 23.2 28.1 ± 23.2 58.1 ± 13.4 148.6 ±
16.4
21.8 ± 16.4 146.4 ± 16.4
Spain 201
1
28.6 ± 9.3 4.9 ± 11.6 11.7 ± 9.3 9.0 ± 5.4 38.0 ± 6.6 6.8 ± 6.6 16.8 ± 7.4
Spain 201
2
134.8 ± 25.8 48.1 ± 25.8 17.1 ± 25.8 43.5 ± 14.9 33.0 ± 18.2 45.6 ± 18.2 91.5 ± 18.2
1 recorded in seven-point scale (1= no visible disease symptoms, 2 =1-3 %, 3 = 4-10 %, 4 = 11-25 %, 5 = 26-50 %, 6 = 51-75 % , and 7 = 76-100 
% of kernels exhibiting visual symptoms of infection, respectively). 
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Table 2. Genetic [additive, a; dominant, d; and epistatic (aa, a x a, ad, a x d; and dd, d x d)] and environmental [location ( L) and year (Y)] effects
± SE estimated from progeny means of two inbred crosses, EP42 x EP77 and CO359 x CO441, for ear rot and mycotoxin contamination 
evaluated at two locations in two years. The value (2) and degrees of freedom (df) of 2 test of generation mean analysis are also shown.
Genetic effects ± SE
Cross L Y

2 df a1 d aa ad dd L Y L x Y
Gibberell
a ear rot
CO359xC
O441 Spain
20111
.
7
6 3 1.4 ± 0.2 1.5 ± 0.4
Spain 20120
.
1
3 0.4 ± 0.0 -0.4 ± 0.1
29
544
545
546
2Canada
both 1
3
.
4
0 8 1.4 ± 0.1 -0.3 ± 0.2 0.0 ± 0.1
EP42xEP7
7 Spain
2011
- 0 1.8 ± 0.3 -13.3 ± 4.5 -6.9 ± 1.8 5 ± 1.2 8.7 ± 2.8
Spain
20121
.
3
6 3 1.3 ± 0.1 -0.8 ± 0.2
Canada
both 5
.
0
6 8 1.2 ± 0.1 0.8 ± 0.2 0.1 ± 0.1
30
Fusarium 
ear rot
EP42xEP7
7 Spain
both 8
.
1
7 5 1.7 ± 0 -1.7 ± 0.7 0.3 ± 0.3 -1.2 ± 0.2 0.9 ± 0.4 0.0 ± 0.1
Canada
both 1
5
.
2
4 8 1.1 ± 0.1 -0.9 ± 0.2 -0.1 ± 0.3
CO359xC
O441
both both 2
6
.
1
18 0.8 ± 0.1 -0.7 ± 0.1 0.4 ±
0.1
-0.1 ± 0.1 0.0 ± 0.1
31
1Deoxyniv
alenol
EP42xEP7
7 Spain
2011
- 0 144 ± 114 1224 ± 1277 -160 ± 492 1632 ± 395 -1158 ± 843
Spain
20123
.
5
9 3 21 ± 8 2 ± 18
Canada
20111
.
2
7 3 319 ± 103 -80 ± 193
Canada 20120
.
9
3 654 ± 64 -552 ± 148
32
3CO359xC
O441 Spain
2011
- 0 44 ± 15 533 ± 173 129 ± 66 195 ± 53 -406 ± 118
Spain 2012 - 0 0 ± 2 49 ± 23 18 ± 9 15 ± 7 -28 ± 15
Canada
20115
.
4
9 3 151 ± 56 -97 ± 101 
Canada
20122
.
8
3 3 299 ± 50 -314 ± 116
Fumonisi
ns
EP42xEP7
7
Spain 20117
.
3 24 ± 10 1 ± 25
33
08
Spain
20124
.
1
1 3 15 ± 17 -82 ± 40
Canada 2011 - 0 94 ± 4 -188 ± 46 22 ± 18 -159 ± 13 120 ± 30
Canada
20123
.
3
3 3 125 ± 18 -128 ± 41
CO359xC
O441 both
20111
0
.
2
6 8 10 ± 4 -32 ± 10 3 ± 4
34
both
20121
3
.
8
8 8 34 ± 11 -27 ± 25 6 ± 13
1 Effects significantly different from zero at 0.05 probability level are shown in bold font.
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